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Abstract 
A new forming technique to produce a cup with an upper and lower hollow boss by plate forging is proposed. In this process, the 
sheet metal is worked into a drawn cup by the deep drawing process and then deformed to the target shape by compressing the 
cup edge. One-stage edge compression process and two-stage compression process are discussed. The tool pressure and surface 
expansion ratio in the two-stage compression process are more favorable than those in the one-stage edge compression process. A 
series of two-stage compression experiments are carried out by using a steel sheet for deep-drawing. A product with 1.5 mm in 
boss thickness and 15 mm in boss height is formed successfully by the two-stage compression process and its shape coincides 
well with the FEM simulation. 
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1. Introduction 
Recently, complicated shapes, low cost, and improvement of the forming technology for environmental 
considerations have become the main needs of the automobile industry, and a similar directionality is demanded for 
technology development in the metal forming industry (Suzumura et al., 2002). Plate forging technology has 
developed recently to satisfy these industrial demands. Plate forging is a newly devised processing method for sheet 
material that combines sheet metal forming with forging to control the thickness and shape of the product to a high 
accuracy. Schneider and Merklein (2011) developed a forming method of tooth-like parts by deep drawing and 
upsetting process. Nakano (2009) proposed the concept of flow-control-forming. In plate forging technology, 
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general metal forming processes such as deep drawing, burring, etc., are used in combination with forging processes 
such as upsetting and extrusion. Hirasawa et al. (2003) developed a forming technology of a thick hollow boss in a 
drawn cup by extrusion and burring. Lin and Tung (2007) developed a hollow boss forming method by extrusion.  
This paper describes a new forming technique to produce a cup shape with an upper and lower hollow boss as 
shown in Fig. 1. This product is formed by hot forging and finished by machining. A new plate forging process is 
discussed in which sheet metal is worked into a drawn cup by a deep drawing process and then deformed to the 
target shape by compressing the cup edge. The process features have been investigated by using finite element 
method simulation and verified by a series of press forming tests using a deep drawing steel sheet. 
 
 
Fig. 1. Target product shape. 
 
Nomenclature 
D diameter of mandrel 
D’ diameter of drawn cup 
H1 height of outside wall 
H2 height of lower side boss 
H3 height of upper side boss 
l distance between tracking points  before forming 
l’ distance between tracking points  after forming 
t thickness of boss 
t’ thickness of bottom 
λ surface expansion ratio 
2. Principle of forming method 
2.1. Principle of one-stage compression process 
Fig. 2 shows the principle of the one-stage compression process. Firstly a blank is drawn to a cup by deep 
drawing process. After restriking and punching the central hole, the drawn cup edge is compressed by the ring punch 
while pressing the top die to separate the flow of the material that forms the upper and lower bosses against the 
mandrel. 
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Fig. 2. One-stage compression process of cup with hollow boss. 
2.2. Principle of two-stage compression process 
The drawn cup is formed by using the same method as the one-stage compression process. The edge of the drawn 
cup is compressed by the ring punch while slightly pressing by the top die in the first stage. Then the thickness of 
the cup bottom increases. In second stage, the drawn cup bottom is compressed by the top die while pressing the cup 
edge by the ring punch to form the upper and lower bosses. 
2.3. Condition of FEM simulation 
Fig. 3 shows the cup dimensions: the outer ring is 39.2 mm in diameter of D' and has a thickness t of 39.2 mm. 
The analysis conditions are shown in Table 1. The commercial FEM code DEFORM 2D was used. The forging 
mode is axial symmetry at a constant temperature, and the tools and the blank are assumed as a rigid body and rigid-
plastic body, respectively. The mandrel and bottom die are fixed. The top die is compressed with a constant pressure 
in the one-stage compression process. The influences of the diameter of mandrel and boss thickness were 
investigated in the FEM analysis, and the results of each processing method were compared. 
 
Fig. 3. Dimensions of cup shape with upper and lower hollow boss. 
 
Table 1. Analysis conditions. 
Work piece 
(SPCE270) 
Thickness (mm) 2.6 
Tensile strength (MPa) 309 
Tool Rigid body 
Friction condition P= 0.05 
Working speed (mm/s) 10 
Temperature (°C) 20 
Diameter of mandrel D (mm) 8, 11, 15, 18 
Thickness of boss t (mm) 1.0, 1.5, 2.0, 2.6 
3. FEM simulation result 
Products with hollow bosses are used for, for example, rotating parts and cases. A high boss is preferable for such 
applications because it is able to support parts such as shafts with good stability. Therefore, the height H2 should be 
as high as possible.  
Top die Mandrel Ring punch
Bottom die Workpiece
Before forging During forging
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Fig. 4 shows the height, H2, of the boss for each boss thickness t using both processing methods. The boss height 
in the two-stage compression process is similar to that in one-stage compression process for every boss thickness. 
Moreover, a higher boss is formed as the thickness of the boss decreases; when the boss thickness is 1.0 mm, the 
height is about 25 mm. 
Figs. 5 and 6 show the maximum pressure of the top die and ring punch, respectively. The pressure of the top die 
and the ring punch increase as the thickness of the boss decreases. The pressure of the top die in the one-stage 
compression process is lower than that in the second stage of the two-stage compression process. However, the 
pressure of the ring punch in the first stage of the two-stage compression process is approximately half that in one-
stage compression process. The pressure of the ring punch in the one-stage compression process is higher than two-
stage compression process for each boss thickness. 
 
 
Fig. 4. Boss height for each thickness formed by one and two-stage compression processes. 
 
 
Fig. 5. Maximum pressure of top die. 
 
  
Fig. 6. Maximum pressure of ring punch. 
 
Sheet metal forging generates a new surface easily because it is a process in which the work-piece is greatly 
deformed. As shown in Fig. 7, points on the interface between the billet and mandrel are chosen in 0.1 mm pitch, 
and the change in position during the compression process is monitored. The distance between the points is then 
measured so we can determine the surface expansion ratio as follow; 
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Fig. 8 shows the variation of the surface expansion ratio with the contact position at the mandrel. The origin is 
defined as the center of the billet material when the billet material begins to make contact with the mandrel. A 
positive direction indicates the direction toward the upper boss, while a negative direction indicates the direction 
toward the lower boss. 
In the compression process, the shear band causes a large surface expansion. In the two-stage compression 
process, the billet material flows into the upper and lower bosses almost uniformly, and thus the maximum surface 
expansion ratio appears at the origin. In the one-stage compression process, after the lower boss is filled, all of the 
material flows into the upper boss, and thus the maximum surface expansion ratio appears at the upper boss surface. 
The maximum surface expansion ratio in the two-stage compression process is 42 and is 68 in the one-stage 
compression process. The large difference is due to the material flow by forming process. 
 
 
Fig. 7. Sampling points for measuring surface expansion ratio. 
 
 
Fig. 8. Variation of surface expansion ratio with contact position at mandrel. 
4. Experiment 
4.1. Experimental procedure 
An experiment was conducted using the two-stage compression process based on the FEM analysis results. The 
blank was SPCE270 (by JIS) sheet steel with a thickness of 2.6 mm. The inside diameter D and thickness t of the 
boss were 11 and 1.5 mm, respectively. 
The blank was drawn into a cup and a hole opened in the bottom of the drawn cup. The edge of the drawn cup 
was compressed with the ring punch while maintaining a pressing force of 70 kN with the top die in first stage.  
Next, the boss was formed by compressing the cup bottom with the top die while maintaining a pressing force of 
440 kN with the ring punch in second stage. A mineral oil with viscosity of 120 cSt at 40 °C was used as lubricant.  
30 mass percent phosphates was added to prevent galling. 
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4.2. Experimental result 
Fig. 9 shows a photograph of the cross section of the product. A high hollow boss was formed without galling or 
cracking. Fig. 10 shows the dimensions of the formed cup compared with the FEM results. The experimental and 
analytical results are approximately the same for H1, H2 and H3. A boss height H2 of about 15 mm was formed, 
which is a sufficient height for practical use. 
 
Fig. 9. Cross section photograph of triple cup formed by bottom compression method. 
 
 
Fig. 10. Dimensions of formed cup compared with FEM result. 
5. Conclusion 
The two-stage compression process and the one-stage compression process were proposed as methods of forming 
a cup with upper and lower hollow bosses. A FEM analysis was conducted, and a forming test was performed using 
the two-stage compression process. The results are as follows. 
(1) Two-stage compression process results in the low tool pressure and small surface expansion ratio compared 
with one-stage compression process. 
(2) The top die pressure in the two-stage compression process decreases with an increase of boss thickness or 
boss diameter. 
(3) A steel cup with an upper and lower hollow boss of 1.5 mm in boss thickness and 11 mm in boss diameter 
can be manufactured by the two-stage compression process. 
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